By measuring the prototypical antiferromagnet α-Fe 2 O 3 , we show that it is possible to determine the static spin orientation and dynamic spin correlations within nanometers from an antiferromagnetic surface using the nuclear spin polarization of implanted 8 Li þ ions detected with β-NMR. Remarkably, the firstorder Morin spin reorientation in single crystal α-Fe 2 O 3 occurs at the same temperature at all depths between 1 and 100 nm from the (110) surface; however, the implanted nuclear spin experiences an increased 1=T 1 relaxation rate at shallow depths revealing soft-surface magnons. The surface-localized dynamics decay towards the bulk with a characteristic length of ϵ ¼ 11 AE 1 nm, closely matching the finite-size thresholds of hematite nanostructures. DOI: 10.1103/PhysRevLett.116.106103 In the textbook case of an infinite "bulk" magnet, any phase transition can be categorized as first order or second order, and there is a causal relationship between the spin dynamics and the transition temperature. Near a surface, however, the character of a phase transition is modified by broken translational symmetry. If the bulk transition is second order, then the near-surface region typically exhibits altered critical exponents allowing for the classification of surface critical phenomena into four universal types: ordinary, surface, special, and extraordinary [1, 2] . In contrast, even if the bulk transition manifests as a firstorder jump, the surface region may "dewet" to form a distinct layer exhibiting gradual second-order behavior over a characteristic depth describing surface-induced order or disorder [1, 3] . This general hierarchy has been widely used to classify near-surface phase transitions; however, there is mounting experimental evidence that antiferromagnetic materials present additional complexity at nanometerscale interfaces [4] [5] [6] . Here, we report that the near-surface behavior of the spin reorientation (SR) transition in a prototypical antiferromagnet (AFM) α-Fe 2 O 3 evades classification according to the above heirachy, reflecting a new phenomenon which we term a latent surface transition. The defining feature of such a transition is that the free-energy relation is modified near the surface without causing a distinct dewetting from the bulk order parameter in the semi-infinite system. Instead, the driving dynamics are altered over a characteristic length scale setting the threshold for surface transitions in finite-size systems. In bulk antiferromagnets, low energy magnons mediate SR [7, 8] , and we present compelling evidence for the existence of localized soft magnons near a surface. This is a key step towards explaining certain anomalous spin reorientations in finite-size antiferromagnets.
To study the near-surface antiferromagnetic properties, we used a nuclear-detected magnetic resonance method (β-NMR). This is the first application of this depth-resolved ion-beam technique to detect the NMR signal from the near-surface region of an antiferromagnet. The noncubic antiferromagnet α-Fe 2 O 3 (R3c) represents the ideal test case because it displays an abrupt SR at the Morin temperature (T M ¼ 260 AE 5 K), far below the Néel transition (T N ¼ 949 AE 10 K), which is known to be associated with the softening of a key magnon mode [9, 10] and is theorized to show nontrivial magnetic surface states [7] . The staggered magnetizationM points along the hexagonal (001) direction for T < T M , whereasM is perpendicular to the latter direction for T > T M . In the experiment, a beam of radioactive 8 Li þ from the ISAC facility at TRIUMF [11] was first spin polarized in-flight using collinear optical pumping [12] . The beam was then implanted into a (110)-oriented α-Fe 2 O 3 crystal at kinetic energies ranging from 1-20 keV. The highly polished crystal from SurfaceNet GmbH (Rheine, Germany) had a low surface roughness (0.6 AE 0.2 nm) and a low mosaic spread (0.06 deg). The probing depth of the 8 Li þ ensemble is related to the implantation energy and was modeled using the Stopping Range of Ions in Matter software (SRIM) [13] . The nuclear spin polarization vectorP is fixed perpendicular to the beam path, such that its relative direction in the crystal can be changed by reorienting the sample. The asymmetric emission of the radioactive β decay products is proportional toP at the time of the decay of the 8 Li þ (spin I ¼ 2), which has a mean lifetime τ ¼ 1.21 s. Similar to the better-known μSR, the radioactive spin probe stops in the crystal, where it senses its surroundings via hyperfine interactions [14] . In a magnetically ordered state, this results in a static (timeaveraged) hyperfine field at the 8 Li þ nucleus: the local field H L [15] . Any component ofP perpendicular toH L precesses rapidly and averages to zero. Whereas the parallel component does not precess, it will gradually decay by spin-lattice relaxation to an equilibrium close to zero. The rate of this relaxation, 1=T 1 , is mainly determined by the fluctuating part ofH L perpendicular toP, with frequencies close to the nuclear Larmor frequency [16, 17] . The spin-reorientation transition causes a sharp change in the nuclear polarization shown by the spin-latticerelaxation signal [see Fig. 1(a) ]. In the latter measurement, four-second beam pulses of ions at 20 keV were implanted at a mean depth of 85 nm. No external static or rf field is applied in the measurement, allowing the 8 Li þ spin to relax naturally under perturbations from the surrounding environment. The 261 K data show that the polarization of the ensemble of 8 Li þ is completely destroyed whenP∥ð001Þ, consistent with a local fieldH L ⊥ð001Þ. A large polarization (asymmetry) of the 8 Li þ is suddenly recovered when the sample is cooled through the transition to 259 K, asH L is now alongP. The change is consistent withH L ∥M, the sublattice magnetization. Thus, the antiferromagnetic orientation acts as an effective spin filter for the 8 Li þ , either preserving or destroying the initial polarization, making it very sensitive to the direction ofM. The surviving polarization AðtÞ of the 8 Li þ ensemble decreases slowly over several seconds due to fluctuations ofH L which drive spin-lattice relaxation. This process is described using a stretched exponential relaxation convoluted with the beam pulse of length t 0 ¼ 4 s [18] :
−½ðt−t 0 Þ=T Ã 1 β , and the normalizing factor NðtÞ ¼ R t 0 e −t 0 =τ dt 0 . The data are well described with a stretching exponent β ¼ 0.35 AE 0.05, with the caveat that both 1=T Ã 1 and A 0 are T dependent. The stretched exponential describes a distribution of relaxation times caused by the interaction with magnetic fluctuations, where the inverse average relaxation time is 1=T 1 ¼ ðβ=T Ã 1 Þf1=½Γð1=βÞg and Γ is the gamma function [19] . Although the spin-lattice-relaxation rate (1=T 1 ) is on the scale of seconds, the antiferromagnetic dynamics causing the relevant nuclear transitions occur at ≈10 −7 s time scales to produce spontaneous fields matching the nuclear Larmor frequency (9.5 MHz at 1.5 T) [16, 17] . The variable value of the initial asymmetry A 0 encapsulates the nonprecessing nuclear spin component A 0 ∝ cos 2 θ, where cosθ ∝P ·H L , and thus is sensitive only to the static internal field. The steplike drop in A 0 above 260 K is caused by the first-order Morin transition where θ 0 ¼ θ þ 90°. To confirm this, Fig. 1(b) shows that rotating the crystal such that P∥ð110Þ alters the component ofM onP above T M , giving a finite asymmetry in the resulting configuration, as expected. The tenfold reduction is a signature of degenerate domains forming in the basal plane together with weak ferromagnetism. Figure 1(c) summarizes the initial asymmetry A 0 as a function of temperature for the two orientations. The spin-reorientation temperature is manifest as a sudden jump in the value of observable asymmetry (A 0 ), providing a model-independent method to monitor changes in the antiferromagnetic orientation. The depth-resolved β-NMR shows that the near-surface antiferromagnetic structure reorients at the same temperature as the bulk Morin transition; however, the spin dynamics are strongly surface modified. To observe this, it is necessary to selectively probe regions within a few nanometers of the surface through the choice of 8 Li þ implantation energy, as shown in the simulated profiles in Fig. 2(a) . Contrary to theoretical predictions, the antiferromagnetic orientation is depth independent between 1 and 200 nm at temperatures near T M . As shown in Fig. 2(b) , the experimental asymmetry A 0 of 8 Li þ at different depths exhibits the same behavior, where the step at 260 K is the bulk T M , and the transition retains a first-order character near the surface. For instance, in Fig. 2(c) , as t → 0, there are no significant differences in the value of A 0 that would signify a fraction of 8 Li þ in a surface spin-flop domain. Any change in the direction of the internal field would alter the magnitude of the nonprecessing component, indicating that the 8 Li þ 's experience the same internal field direction at all depths, ruling out a noncollinear spiral structure.
The identical transition temperature differs from several theories proposing that spin reorientation of a free antiferromagnetic surface is intrinsically different from the bulk [7, 20] , even acting as the initial trigger for the bulk [21] . The dominant first-order behavior is similar, within experimental uncertainty, to past findings from Mössbauer spectroscopy [22, 23] , and it is different than models of the hematite surface which propose a strongly second-order transition [20] or a nucleating spin-flop domain [7] . This surface insensitivity is surprising because it is widely known that the spin-reorientation temperature is suppressed in nanoparticles [24] [25] [26] and thin films [27, 28] . A universal explanation would be a suppressed surface transition temperature [7] , but there is no evidence of this in the semi-infinite case. Two other explanations have been offered: finite-size [29] and lattice distortion [30] . While we discount lattice strain in our crystal, we find evidence of a finite length scale implicit in the antiferromagnetic dynamics illustrated in Fig. 2(c) , which shows spinrelaxation measurements at 255 K for several depths.
Clearly, the nuclear spins relax very differently depending on proximity to the surface. In α-Fe 2 O 3 , the depthdependent 1=T 1 signifies modified antiferromagnet dynamics [16] with a higher spectral density near the surface. One theory predicted the existence of magnetic surface states on α-Fe 2 O 3 accompanied by soft-surface magnons [7] , motivated by earlier calculations showing that dipolar anisotropy makes a large contribution to the net anisotropy field [31] . The existence of a modified excitation spectrum in finite-size α-Fe 2 O 3 has recently been observed by inelastic neutron spectroscopy (INS) in powders of nanoparticles [24] [25] [26] . The latter linked the surface spin dynamics to a modified surface anisotropy [26] , which alters the free-energy relation, acting to decrease the Morin transition to below 2.2 K in hematite nanoparticles [24] [25] [26] . The precise depth and homogeneity of the relevant spin excitations, however, has not been determined until now due to the volume-averaged nature of INS. The decay depth is important, however, because it reveals the spatial scale where variations in the local free-energy relationship occur, and thus it sets a threshold where surface-dominated behavior is expected in nanomaterials. In order to determine the length scale of the surface-localized antiferromagnetic dynamics, the temperature dependence of the magnetic excitation was recorded for several beam energies. Figure 3(a) shows the depth dependence of the average 1=T 1 measured approaching T M from a lower temperature. The relaxation rate decreases exponentially from the surface with a temperature-independent length scale ϵ ¼ 11 AE 1 nm that does not diverge near T M . The absence of a diverging correlation length again confirms that the latter is not a typical second-order surface transition. As discussed, the modified dynamics do not alter the surface phase transition temperature in the semi-infinite crystal, indicating that coupling of the top layers of spins to the underlying bulk layers acts to globally enforce the ordinary transition temperature. Nevertheless, the specific length scale where we observe modified dynamics is illuminating in the context of the rich data set [32] [33] [34] [35] [36] [37] which shows a suppressed Morin temperature in finite-size hematite particles [see Fig. 3(b) ]. From this data mining, it is clear that the Morin temperature is strongly dependent on the finite particle length L and is typically suppressed below 5 K for L < 10 nm [30, 34] . In contrast to the latter strong effect on T M , finite size only weakly affects the second-order Néel transition. Recent high-T data on hematite nanostructures indicates that T N obeys the standard form ðT c =T 0 Þ ¼ 1 − ðL 0 =LÞ 1=ν governed by a typical suppression length L 0 ¼ 2.3 nm, and a scaling exponent near the Ising value ν ¼ 0.6 [38] . Applying the same form to the Morin transition, Fig. 3(b) shows that the first-order T M scaling is governed by a much larger length scale L 0 ¼ 11 nm and a higher scaling exponent (ν ≈ 1.0). It is remarkable that the spatial scale governing the SR transition in the zero-dimensional particles matches that of the modified dynamics at the semi-infinite three-dimensional surface. This implies a phase transition controlled by a modified surface-free-energy relation rather than short-range surface critical behavior. Clearly, the suppressed transition remains "latent" in the semi-infinite limit, but it is present in dimensionally constrained α-Fe 2 O 3 nanoparticles [32] [33] [34] [35] [36] [37] or 2D films [6, 39] with a length scale below ϵ.
The origin of the modified dynamics provides insight into which parameters change in the surface free energy. Our temperature-dependent 1=T 1 measurements indicate that modified spin dynamics arise from altered surface magnon behavior near the transition, caused by the change in surface anisotropy which controls the energy of soft modes related to the reorientation [9, 10] . Theories have been developed for the relaxation of a nuclear spin due to hyperfine interactions with a thermal population of antiferromagnetic magnons [16, 40] . Energy conservation constrains the interaction between the nuclear and electron spins. The direct process, whereby a single magnon is scattered from the nuclear spin, is typically forbidden because a small spin anisotropy will gap (Δ) the magnon spectrum with a forbidden region extending far above the nuclear Larmor frequency (sub-μeV range). The lowest energy magnon mode in hematite occurs at the finite gap energy [10] :
with ω LO ð0Þ ≈ 1 THz, and ΔðT; DÞ ≈ 0.1 THz at 260 K for bulk (D ¼ ∞), where D is the depth from the surface. The incomplete softening has been explained as resulting in T L ¼ T M ð1 þ δÞ, where δ is a coefficient related to the net magnetic anisotropy [9] . Without zero-energy excitations, nuclear relaxation in an antiferromagnet occurs by a multimagnon process, corresponding to the absorption and emission of magnons with different energies. This mechanism is sensitive to spin waves over the entire Brillouin zone; however, INS [41] and Raman spectroscopy [42] show that the bulk high energy magnons barely change above and below T M in α-Fe 2 O 3 . Therefore, to a first approximation, we relate the changes in T 1 to the occupation of soft modes above the anisotropy gap, obtaining the simplified relation
M 0 accounts for a rigid magnon density of states thermally populated across a depth-dependent Δ obeying Eq. (2), and A is a proportionality constant accounting for the hyperfine coupling. Figure 3 (c) illustrates that the model based on Eq. (3) produces a reasonable description of the bulk and surface nuclear relaxation in the temperature range 100-260 K, using the common Morin transition T M ¼ 260 K. A key result from the model is that the fitted δ value-even at 85 nm deep-is 0.016 AE 0.02, which is slightly smaller than the bulk anisotropy parameter reported in the range 0.02-0.04 [10] . Interestingly, δ is significantly increased near the surface to 0.08 AE 0.03 at 10 nm, supporting the theory of strong changes in the hematite surface anisotropy on nanometer length scales [7] . Néel proposed that magnetic surface anisotropy is a universal feature of antiferromagnets, although the strength and range of this interaction remains largely untested [43] .
In conclusion, these results show convincingly that β-NMR can measure phase transitions, structure, and dynamics near antiferromagnetic interfaces, thereby providing a new tool for optimizing spin-based functionality. The observation of modified dynamics, linked to surface anisotropy, suggests a method for designing antiferromagnetic correlations in thin film heterostructures.
